We present mid-infrared photometry of 124 white dwarf stars with Spitzer Space Telescope. Objects were observed simultaneously at 4.5 and 8.0µm with sensitivities better than 1 mJy. This data can be used to test models of white dwarf atmospheres in a new wavelength regime, as well as to search for planetary companions and debris disks.
Introduction
White dwarf stars (WDs) are the evolutionary end point of stellar evolution for all main sequence stars with a mass 8M ⊙ (Weidemann 2000) . The mass of an isolated white dwarf is believed to be uniquely determined by the progenitor mass, hence the progenitor lifetime for a white dwarf can be estimated. Nuclear burning has ceased, so their evolution is one of monotonic and predictable cooling. From the mass and temperature of a white dwarf its cooling age can be calculated. A white dwarf is a stellar gravestone with a date of birth and death carved upon it.
Previous white dwarf infrared surveys have concentrated on the near infrared. Zuckerman & Becklin (1992) surveyed 200 stars down to K=16 while Farihi et al. (2005) observed 261 nearby WDs with limiting magnitude in J of between 18 and 21. In the mid-infrared Chary et al. (1998) surveyed 12 WDs with ISOCAM at 7 and 15µm. Our survey significantly extends these previous works by looking at a large (124) sample of stars at 4.5 and 8.0µm with a limiting sensitivity of better than 0.1mJy. This dataset allows us to study the behavior of white dwarf atmospheres in this wavelength range and to search for companion planets and disks. Such a large dataset will also undoubtedly be useful to other researchers for unanticipated reasons.
The primary purpose of our survey was to search for the presence of planets and brown dwarf companions. With radii ∼ 1 R ⊕ , WDs are orders of magnitude less luminous than their progenitor stars. This dramatically reduces the contrast between the host star and any orbiting daughter planets. Becklin & Zuckerman (1988) reported on the first infrared search for substellar companions around WDs while Burleigh et al. (2002) suggested using near infrared imaging to detect 3M J planets in orbits > 5 AU with 8m telescopes. Other attempts to directly detect a companion to a white dwarf include Debes et al. (2005) ; Farihi et al. (2005) and Debes et al. (2006) . Theoretical spectra of brown dwarf stars and massive planets show a distinctive bump around 4-5µm between absorption bands of methane and water Burrows et al. 2003) . By comparing the observed flux in this passband with that of a nearby passband we can hope to directly detect the companion as an excess to the white dwarf flux.
Excess mid-infrared flux around a white dwarf can also be caused by a warm disk of circumstellar material. Fortunately, the spectral signature of a disk is markedly different from that of a planet or brown dwarf, showing a mostly flat continuum over a broad wavelength range. Prior to this work, only one white dwarf (G 29-38) , included in our survey, was known to exhibit an infrared excess caused by such a disk (Zuckerman & Becklin 1987) . Reach et al. (2005a) detected emission features of silicates at 10µm from this disk using a Spitzer IRS spectrum (Houck et al. 2004 ).
von Hippel et al. (2006, submitted, hereafter HKK06) proposed that debris disks may be the source metals observed in the photospheres of approximately 25% of WDs and suggested that debris disks are therefore very common. Other surveys have increased the number of WDs with measured near infrared excesses consistent with disks to 5 (Kilic et al. 2006 , and references therein), including WD2115-560, a 9700 K hydrogen atmosphere (DA) white dwarf discovered as part of this survey (HKK06). Mid-infrared observations are sensitive to cooler dust at larger orbital separations and will be important in determining the orgin and lifetimes of these disks.
Our survey has also uncovered some unusual behavior of the SEDs of cool WDs. Kilic et al. (2006) published an SED of WD0038-226 showing a dramatic flux deficit and noted that DAs below 7,000 K consistently showed a small flux deficit compared to that expected from blackbody models. These results provide an opportunity to investigate the properties of matter in extreme conditions, but uncertainty in the infrared luminosity of the coolest WDs is an obstacle to their use in white dwarf cosmochronology to measure the age of the Galaxy.
Target Selection, Observations and Reductions
Drawing from the McCook & Sion Catalogue (McCook & Sion 1999) , we cross-referenced with the 2MASS survey (Skrutskie et al. 2006) , selecting all stars brighter than K s = 15, rejecting known binaries and planetary nebulae, for a total of 135 objects. We removed one object to avoid conflict with the Reserved Observations Catalogue, and the Spitzer TAC removed 3 other WDs awarded to a different program. In total we observed 131 objects and successfully measured the flux for 124 of these. The remaining objects were too heavily blended with other, brighter objects. A breakdown of the spectral type of each object is given in Table 1 . In the course of a more detailed literature search we discovered, for a small number of stars, differences between the temperature and spectral type quoted in McCook & Sion compared to more recently published values. Where applicable, references are listed in the notes to Table 2 .
Each object was observed simultaneously in Channels 2 and 4 (4.5 and 8.0µm) with the IRAC camera (Fazio et al. 2004 ) on the Spitzer space telescope (Werner et al. 2004) . Five 30 second exposures were taken of each object using a Gaussian dither pattern. The data were processed with version S11.4.0 of the IRAC pipeline to produce the Basic Calibration Data (BCD) files which removes well understood instrumental signatures.
We performed aperture photometry on these BCD files using the astrolib package in IDL. For most stars, we chose a 5 pixel aperture, although for a number of objects we used 2 or 3 pixels instead to avoid contaminating flux from nearby objects. We measured sky in an annulus of 10-20 pixels centered on the star. We made the appropriate aperture correction suggested by IRAC data handbook. For channel 2 we multiplied the flux by 1.221, 1.113 and 1.050 for apertures of 2, 3 and 5, while the values for channel 4 were 1.571, 1.218 and 1.068 respectively.
The recorded flux for a stellar object is dependent on the location on the array where it was observed. This is because of both a variation in pixel solid angle (due to distortion) and a variation of the spectral response (due to varying filter response with incidence angle over the wide field of view). We accounted for these effects by multiplying the measured flux by the appropriate location dependent correction factor as described in Reach et al. (2005b) . We do not apply a correction to our photometry to account for variation in the flux as a function of location of the stellar centroid within the pixel, as this correction only applies to data taken in Channel 1.
Because the sensitivity of the IRAC sensors is wavelength dependent, the recorded flux differs from the true flux in a manner that depends on the source's spectral shape. Fortunately this effect is small (of order the systematic uncertainty) and, as a white dwarf spectrum is dominated by a Rayleigh-Jeans tail in the mid-infrared, easily corrected. We used the values suggested in Reach et al. (2005b) of 1.011 at 4.5µm and 1.034 at 8µm. We did not apply color correction to objects whose SEDs were inconsistent with a single blackbody source (see Table 2 ). The IRAC pipeline removes some but not all cosmic rays. To clean our data of remaining artifacts we removed frames where the flux deviated by more than 3.5σ from the median, and calculated the weighted average flux of the remaining frames.
Results
We present the fluxes for each white dwarf in the two IRAC bands in Table 2 . For comparison, we also list the flux for each object in J, H and K as measured by the 2MASS survey. An SED for each object, with optical photometry from the McCook & Sion catalogue is presented in Figure 1 . A blackbody at the quoted temperature and fit to the optical and near infrared data is also shown to guide the eye. A subset of objects in this sample have been previously published in Reach et al. (2005a) and Kilic et al. (2006) ; we present photometry for these stars here for completeness. Note that as these papers used an earlier version of the IRAC pipeline their published fluxes differ slightly from those presented here.
Notes on Individual Objects
WD0002+729 A handful of stars show a small excess at 8 µm; we discuss this star as an example object. The atmosphere of WD0002+729 is contaminated with small amounts of metals (Wolff et al. 2002) which increases the probability of the existence of a disk (HKK06). However, the flux is close to our sensitivity limits (approx 0.1mJy) and our error bar may be underestimated; our confidence in this excess is low. By fitting models to this excess we can determine that if this excess is due to a disk, its maximum temperature must be less than about 300 K.
WD0031-274
McCook & Sion incorrectly classified this object as a DA. Kilkenny et al. (1988) classified it to be an sdOB star with their criterion "dominated by HeI and HeII lines; often Balmer absorption present". Lisker et al. (2005) measures a temperature of 36,097 K and a distance of 900 pc. They refer to it as an sdB. Our photometry shows a clear excess from J onward relative to the visible photometry. Close examination of the images does not reveal any irregularities in the point response function. At this distance, the flux from a substellar companion would be negligible. We fail to find a good fit for a low mass main sequence star nor does the excess show the broad flat shape of a circumstellar dust spectrum. The IR data is best fit with a blackbody temperature of 18,300 K, however a circumstellar object of this temperature would be detectable in the visible flux. Cyclotron emission has been suggested as a source of infrared emission in WDs, but this object is not known to have a strong magnetic field. Further study is necessary to determine the true nature of this object.
WD0038-226
See Kilic et al. (2006) for a further discussion of this object's dramatic flux deficit. Wegner & Swanson (1990) gives a V magnitude of 13.4 (≈ 11 mJy) and a temperature of 9,044 K. This magnitude is inconsistent with the other available photometry. Instead we use V=12.62 from Kilkenny et al. (1988) , who measure a temperature of 33.8 kK. Neither of these temperatures fit the photometry well. We plot instead a best fit blackbody temperature of 15.5 kK.
WD0843+358 This object partially resolves into 2 objects separated by 2.2 pixels at 8µm, causing the observed excess at that band. The companion object is not seen at any bluer wavelengths. Were the companion substellar in nature the excess would be greater at 4.5µm than at 8; we therefore conclude that the excess is due to a background object. Examination of POSS 1 plates from 1953 shows no evidence of an object at the current position of the WD.
WD1036+433 Also known as Feige 34, this star is incorrectly listed in the McCook & Sion catalogue as 36 kK DA. Thejll et al. (1991) determine it be an 80 kK sdO. Maxted et al. (2000) note that they observed Hα in emission from this object, but the emission is intermittent as other observers make no mention of it (Oke 1990; Bohlin et al. 2001) . Chu et al. (2001) , who also observe emission, suggest this emission could be caused by photoionisaton of the atmosphere of a hot Jupiter companion.
Our photometry shows a clear excess from H onward. Examination of the individual images shows that the white dwarf is the brightest object in the vicinity, and no evidence of a line of sight companion. This excess was first noticed in J,H and K by Probst (1983) . Thejll et al. (1991) summarized the available photometry at that time and concluded that the colors were "marginally consistent" with a companion K7-M0 dwarf. We find that the excess is well fit in color and magnitude by a 3,750 K Kurucz model (Kurucz 1979 ), corresponding to a spectral type of M0 or M1.
WD1234+481 Liebert et al. (2005) measure a temperature for this star of 55,040 K ± 975, log g of 7.78 ± 0.06 and derive a distance of 144 pc. Holberg et al. (1998) measure 56,400 K, 7.67 and 129 pc respectively based on an IUE spectrum. Other authors measure similar values. Debes et al. (2005) noticed an excess in the near infrared, and assigned a preliminary spectral type to the companion of M8 V.
We observe an infrared excess in all 5 bands. The IRAC images are round and isolated. The measured flux values in apertures of 2, 3 and 5 pixels yield consistent values, ruling out the possibility that the excess is caused by contamination from a nearby bright star. We note that the excess can be fit by a model of a brown dwarf with T ef f < 2000 K corresponding to a spectral type of early L. If planned follow-up observations confirm the sub-stellar nature of this companion it would be the fourth white dwarf -brown dwarf binary known. Sion et al. (1988) list this star as a 0.61M ⊙ DA with T ef f of 24,007 K. We notice a clear excess from J onward. The colors of the excess are well fit with a 4000 K Kurucz model of a main sequence star, corresponding to a late K spectral type. However the magnitude of the excess is too large to be consistent with K dwarf companion. We conclude that the excess is either from a foreground dwarf star or a background giant.
WD1616-390

WD2115-560
This object has an infrared excess consistent with a dust debris disk. See HKK06 for further details on this object.
WD2134+218
This object was too faint to be detected at 8µm. The expected flux according to a blackbody model was 0.05mJy, less than our nominal detection limit of about 0.1mJy with the 150s exposure time used. WD2326+049 This object, also known as G29-38, has an infrared excess consistent with circumstellar dust. This excess was first reported by Zuckerman & Becklin (1987) . Reach et al. (2005a) fit a Spitzer IRS spectrum of the disk with a mixture of olivine, fosterite and carbon dust.
Discussion
We fit the observed SEDs of DA stars between 6-60 kK in the optical and near infrared with synthetic photometry derived from models kindly supplied by Detlev Koester. Details of the input physics and methods are described in Finley et al. (1997) , Homeier et al. (1998) and Koester et al. (2001) . We then compared the observed excess (or deficit) over the fitted model in the mid-infrared to the uncertainty in the observation. Objects with disks (WD2326, WD2115), probable companions (e.g WD1234) or contaminated photometry are not included. We expect the distribution of this value for the sample to be well described by a Gaussian distribution with mean zero and standard deviation of one. We plot this distribution in Figure 2 . The grey histogram corresponds to IRAC Channel 4 photometry and the fitted gaussian is plotted with a dashed line. The outlined histogram corresponds to Channel 2 and the gaussian is shown as a solid line. The dispersion in Channel 2 is measurably greater than expected, indicating that our error bars may be underestimated. The measured flux in Channel 4 is on average 1 σ higher than expected. This may be because the majority of stars have excess flux in this band (possibly due to a disk), or a poor match of our models to reality. As these models are well tested only in the optical regime for which they were originally intended, it is possible this result points to new and unexpected physical processes affecting the mid-infrared portion of the spectrum.
Three brown dwarf companions to WDs are known (Becklin & Zuckerman 1988; Farihi & Christopher 2004; Maxted et al. 2006 ). In our survey we find one object with an SED consistent with a brown dwarf companion, or a detection frequency of approximately 1%. Farihi et al. (2005) surveyed 261 WDs and found no new brown dwarf companions setting the brown dwarf companion fraction of 0.5%, consistent with our result. Our selection of targets deliberately excluded stars with known main sequence binary companions explaining the dearth of such companions in our sample. Both subdwarf stars in our survey show an infrared excess. This is consistent with the survey of Allard et al. (1994) who determined that 54-66% of subdwarf stars have a main sequence companion.
We discovered one new object with a notable infrared excess consistent with a debris disk (WD2115-560), and re-observed a second (WD2326+049). HKK06 suggests that metals observed in the photosphere of some WDs are caused by accretion from debris disks and not from the ISM as suggested by others (Dupuis et al. 1993; Koester & Wilken 2006) . Table 3 lists the 22 objects in our survey with measured abundances of metal in their photospheres. The small fraction of DAZs with disks initially appears to refute this claim. It should be noted that for stars with temperatures 19kK, dust from any debris disk inside the Roche limit is expected to sublimate quickly and won't produce a noticeable infrared signature. For the cooler stars, the metal abundances are significantly lower and the flux from the debris disk is expected to be correspondingly dimmer. Deeper observations will be required to confirm or refute this hypothesis.
Conclusion
We have conducted the first large mid-infrared white dwarf photometric survey, obtaining images of 124 WDs with a limiting sensitivity better than 0.1mJy. This survey has already found an unexplained flux deficit in the SED of a cool white dwarf, and a debris disk around another star. This dataset can be used to constrain the presence of planets around these stars as well as test and refine model white dwarf atmospheres. Note.
-Objects with traces of metals in their photosphere in this survey. References: D93 Dupuis et al. (1993) Table 2 ). The solid line is a black body at the temperature listed in Table 2 fit to the optical and near IR data. A blackbody is a good, but not perfect model of a white dwarf photosphere, and this accounts for much of the deviation in the photometry. A better fit can be achieved with atmosphere models, however as these fits are intended only to guide the eye a blackbody does an adequate job. f02.ps Each bin represents the difference between the observed flux and that predicted by models from Finley et al. (1997) as a fraction of the size of the measured photometric error. If no stars show unusual behavior, we expect this histogram to be well fit by a gaussian with mean zero and a standard deviation of 1. IRAC 2 is shown as white bars fit with the solid line while IRAC 4 is the grey histogram fit with the dashed line. The mean of each distribution is given by µ while the standard deviation is given by σ. See text for discussion
